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increase during this period can only be explained by: (1) a declining con
of genetic improvement, better crop management, and their int
yield advance, (2) the impact of elevated [CO] at the farm level is offset by other
production-limiting factors such as deficient nutrient supply. discases, insect pests,
and weeds, or (3) a combination of | and 2. None of these explanations bode well
for global food security.

‘The Intergovernmental Panel on Climate Change (IPCC) estimates that global
mean temperature (Tyeq,) is increasing at about 0.02°C year™" (IPCC, 2007). Pro-
Jections of 7., increase during crop growing seasons in 2050 and impact on cereal
grain yields in major producing countries were estimated by Lobell (2007) and are
shown in Table 1. Average increase in Ty predicted by 11 climate models varied
from 1.6 (rice in Indonesia) to 3.0°C (maize in the U.S. Corn Belt). Effects of pre-
dicted average rise in Ty on yield were estimated from empirical relationships
between historical weather data and crop yields in each country. Results ranged
from very litle change in maize or rice yield in China, o a large decrease of —24%
in yield of U.S. maize. It should be noted that estimates of yield impact in this study
do not account for effects of CO, fertilization, changes in rainfall, SR, [ozone], or
improvements in agronomic management and stress (olerance of future crop cul-
ars. Thus, s ates represent the impact of substantial future increase
7 on today’s cropping systems and cultivars without modification of erop and soil
management practices in response to changing climate. Such studies are likely to
exaggerate impact of climate change.
nother study, Easterling ef al. (2007) evaluated sensitivity of cereal yields to
climate change by summarizing results from erop simulations of maize. wheat and
tice in multiple focations and under different scenarios of T, [CO;], and rainfall.
“This study also included cases with and without adaptation of management practices
to changing climate (e.g., earlier or later planting date, longer or shorter cultivar
maturity, and shifis of rainfed to rrigated systems where water supply is adequate).
“Three major points can be made from this study based on change in simulated yield
in response to increasing 7' () there is tremendous variability i
o increasing T, ranging from positive (o negative for all crops and regions, with or
without farming adaptation, (i) a consistent decrease in cereal yields were consister
onlyinlow-latitude environments and when simulations did notinclude managene
adaptations that would be expected of competent farmers, and (i) erop management
adaptations reduce, and sometimes eliminate, effects of projected climate change
on cere:

A major issue, not fully addressed by these previous studies is the impact from
higher frequency of exireme weather events. Brief episodes of unusually high or
Tow T would likely affect grain yield under climate change scenarios, especially if

w“ K. Careman t

wange in mean temperature (ATiueun) 10 2050 during current crop
and change in grain yield (& yield) of selected crops in major producing countrics
bascd on outputs from 11 climatc models (Lobell, 2007). Numbers in parenthescs are range of the
11 climate models for A Tieqn» and St and 95ih percentles for A yield

Crop and countrylregion % global produt

o0 ATigean (°C) & yieldas % of cumrent yields®

Maize
usa w0 302247 24(-5.-12)
China I 220530, 27
Bl o 200326 e
0-5.4)
—17(-30.-5)
Indonesia 3
Whear
Ctima 6 230530 5 (15.9)
Nortwest Europe® i3 15(10-25) 10183
Indi 2 260539 ~917.-3)

able). Tncon

“Estimates based on empirical el wtional crop yiekds (dependan
and diurmal temperature range (indef ables).
PiBased on projections for UK, Germany. and Franc.

they occur at reproductive phenostages that are most sensitive to extreme 7, such
as microspore formation, anthesis or pollination (Prasad ef al., 2008; Asseng et al.,
2009). I can be expected that greater frequency of extreme weather events will have
a negative impact on yields. However, here again adaptations in management and
continuous breeding for stress tolerance can avoid or attenuate some of the negative:
impact from extreme weather episodes under climate change.

Ensuring Adequate Food Supply in a Changing Climate

‘While recent evaluations of impact of climate change scenarios on crop yields sug-
gests dire consequences for global food security (¢.g., Lobell ef al., 2008; Batisti
and Naylor, 2009), it is important to note that such predictions do not account for
likely responses (o higher T by competent farmers and crop breeders. Two straight-
forward responses to T increase are modification of planting date and longer growth
duration. Using maize in the U.S. Corn Belt as an example, we simulated the impact
of @ +3°C increase in Trea on yield with carlier planting and hybrids with longer
maturity compared to current practices at Ames, IA (Table 2). Simulations used the
Hybrid-Maize model (www.hybridmaize.unl.cdu), whi
idated against feld data with high quality, long-term h
the High Plains Regional Climate Center (Yang ef al.. 2004; Grassini et al., 2009).
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Table 2. (@) Simulated maize grain yield potential (tha™!) at Ames, IA for
different combinations of sowing date and hybrid elative maturity (RM) under
ascenario of +3°C increase in T allocated as an increase of |

Thar 1d 4.5°C 10 daily Tyi). Yicld deviation (%) from a bascline simula-
tion based on actual weather records from 1986-2008 and current management
practices (sowing date: 25 April, 104 RM: 15.5tha™") is shown in parenthe.
Ses.(b) Simulated dryland wheat yield (and coeflicient of variation) for optimal
‘combinations of P1 [sowing-to-stem extension; degree days (0d)] and P2 [sow-
ing-to-anthesis degree day hours (&) forpresent conditions and two futurecli-
‘mate change scenarios a two locations [ Mildura (M) and Wagga Wagga (WW)]
in the Australian Wheat Belt. See text for further details on rop simulaions.

@

Sowing date
Hybrd b maurity @) 1 Apnl  ISApil 25 Apl
1o 126(-18%)  127(-18% 127 (-18%)
s 136(-12%)  137(-12%) 137 (~11%)
1o W3-8 TR 145 (=7%)
®
PL@) P2 Grainyield (tha!)
Scenario MWW M ww M ww
Prese 20 240 760 00 104(16%) 207 21%)

HLSC.460ppm 220 240 800 00 10S(12%)  212(20%)
43C.d60ppm 240 360 8600 B60 1LI2(12%) 203 (29%)

In these simulations, Tycq, increase was allocated as an increase of 1.5°C 10 daily
Tar and 4.5°C 10 daily Tz, which is consistent both with pre o greater
warming at night from climate models (Randall ¢t al., 2007) and with actual trends at
Tocations where significant increases in measured temperatures have been observed
(Easterling et al., 1997; Peng et al., 2004). Actual weather data before allocation of
T increase was from 1986-2008 (23 years).

Results from this simulation study show that most of the decrease in maize grain
yield from higher T can be avoided by longer growth duration (Table 2). Whereas
Lobell (2007) predict a 24% decrease in yield from a +3°C increase in Tican, use of
ahybrid with 9 days longer relative maturity reduces yield loss to only 7% compared
to current management and weather. Earlicr planting date had relatively litle impact
on yield in this warm-climate scenario although it may attenuate constraints due to
greater frequency of high temperature episodes during critical growth phases. This
effect is not captured in our simulation analysis, or by most of the widely used crop
simulation models. Assuming maize breeders continue to improve overall stress

“ K.G. Cavmman et

tolerance of commercial hybrids at rates comparable to the past forty years (Duvick
and Cassman, 1999: Tollenaar and Lee, 2002),itis likely there would be litle or no
yield reduction from this magnitude of T increase with appropriate adjustments to
planting date and hybrid maturity.

Inanother study, Wang and Connor (1996) used a rop simulation model to nves-
 dryland wheat yield and variability at two locs major wheat producing
arcas of Australia under elevated [CO;] and T as predicted by Global Circulation
Models (Table 2(b)). The crop model they used simulates wheat development and
‘rowth, and accounts for: (i) direct effects of [CO,] on leaf stomatal conductance
and photosynthesis, and (i) grain growth under elevated [COz] and T The model
was used (o evaluate modifications 10 two genotype-specific phenophase param-
eters (P, degree-days from sowing o stem extension, and Py, degree-day-hours
from stem extension to anthesis) with the goal of maintaining yields and n
mizing yield variability over 100 years at both locations with elevated [CO2] and T
scenarios compared to current climate and 1996 [COs 1. In agreement with the previ-
< in U.S. Com Belt (Table 2(a)), this study found that wheat
cultivars with fonger relative maturity can produce similar yields and yield stability
under climates with greater 7 and [CO;] compared o yields simulated under current
condition

While maintaining yields in response to climate change through adjustments
o planting date and crop maturity are likely to greatly reduce or eliminate neg-
ative impact on yields in temperate climates with only one cropping season each
year, such adjustments will likely be considerably less effective in multiple crop-
ping systems of the tropics and semi-tropics with two or more crops per year. In
those situations, flexibility in shifting planting dates and extending growth peri-
ods is limited by constraints of having to fit multiple cropping cycles into a fixed
period of time when temperature, rainfall, and/or irrigation are conductive for crop
production.

Formost physiological processes, the response o temperature typically follows a
‘generic pattern with three phases as shown for effects on photosynthesis rate (Fig. 3):

 Alow T threshold, below which the rate of the process is equal o zero, and an
increase in the rate of the process up to an optimal temperature;

 Anoptimal T range at which the process is maximal;

 Adecrease in the rate of the process above the highest T
10an upper T threshold beyond which the rate of proces

the optimal range up
s equal 10 7¢r0.

Crop phenological development, net CO; assimilation and seed set (which
depends on flowering and pollination) follow this patiern (Kim ef al., 2007;
Prasad et al., 2008). While critical threshold T values that define the different phase:
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Fig. 3. Response of gross photosynthesis to temperature s simulated by the HybridMaize model
(Yang et ., 2004) and as i typical of generic response of physiological processcs o temperature.

transitions may vary depending on crop species, these responses have been defined
for most crops and can be incorporated into crop simulation models. Output from
such models can be used to evaluate yield response across a range of T using long-
term weather data (¢.g.. FAO/MASA Agro-ccological Zones (AEZ) model;
etal., 2005

The generic pattern of crop development to increasing T can be seen for maize in
the western U.S. Corn Belt (Fig. 4(a)). AS Toean increases, crop development accel-
resulting in reduced growth duration. Yiclds are highest in site-years when
post-silking cumul 4(b)). Low or moderate temperatures,
which lengthen the post-silking growth period, are more important than high mean
daily intensity of SR ing total cumulative SR in the post-silking pe
In contrast, high 7,0, during this phenostage shortens duration of the post-silking
phase, reducing cumulative SR and grain yields. Use of hybrids with longer maturity
extends the time required to reach silking stage so that grain filling occurs later in
summer when T, is cooler, which results in longer duration of the reproductive:
phase and gives higher yiclds, especially under climate change scenarios with higher
T (Table 2(a)). Although there is some genetic variability in grain-filling duration,
effects of 7 are much larger. Thus, manipulation of planting date and cultivar matu-
rity provide powerful tools to position grain filling during a period when T, is
more favorable to duration of this critical growth phase. On set of winter and risk

ischer

-
s gz
Yo

Pre-iking duration (6

W w = % » o ew  we e e
Wean temperature () Postailking solarradiston (W) m %)

4. Reltionship between @) duration of maize growth phases and mean temperature and (b)grain
eld and post-silking cumulative solar adiation (SR). Inset in (b) shows association between posi-
Silking cumulative SR and postsilking phase duration (v = 10.4% + 530: 2 = 0.55). Data were
simulated with Hybrid-Maize model in combination with long-term weather and erop management
data from I8 locations i the wester U.S. Corn Belt (n = 351 sit-years). All elation

antat < 0,001, Site-years when rostoccurred before matuity were ot ncluded n regressions.
Pre-silking and sowing-to-maturity cumulative SR explained less than 20% of saration in simulated
vields. Modified from Grassii . (2009).

of Killing frost place a limit extension of the growing season
hybrids.

More difficult to overcome are the impacts on crop net CO; assimilation
associated with higher temperatures in climate change scenarios. Because Tix
crease more than T, (i¢., smaller amplitude between day and night), we can
expect some reduction in net CO; assimilation due to increasing night respiration
costs.

ing later-maturing

Conclusions and Future Directions

Higher temperature will reduce crop yield substantially if farmers and plant breeders
fail to respond to changing climate. Fortunately, straightforward modifications of
planting dat have the potential to greatly attenuate, or even elim-
inate such losses. Losses could be further reduced, o avoided entirely. if breeders
prove overall stress resistance of our major crops similar 1o the rate
of improvement during the past 40 years

‘The more immediate threat to humanity is the need to accelerate rate of gain in
crop yields well above the rates achieved during the past 40 years. Current rate of
yield gain for major cereals is 1.3% of current average yields, but this relative rate of
s falling rapidly because yields are increasing at a constant, linear rate. Thus,
rate of yield advance is much smaller than required to meet expected increase in food
demand estimated by computational equilibrium models like IMPACT (Rosegrant

continue o
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etal.,2008), or by recent FAO estimates of global food demand in 2050 (FAO, 2009)
Both require a /3% compoiund annual rate of yield gain to meet demand on existing
cropland. Ifyield increases are much slower than the rise in food demand, substantial
expansion of crop area, at the expense of carbon-rich natural ecosystems, will be
needed to maintain food security. Associated GHG emissions from such land use
change will accelerate GHG emission rates, which could provide strong pos
feedback o rate of climate change.

Yield plateaus in some of the world’s most important food production systems
will further exacerbate this problem. Causes of these abrupt slowing of yield gains
must be identified and overcome. Initial evidence suggests that plateaus occur whe
average farm yields rise t0 70-80% of Yp. Development of a global atlas of Yp based
on current crop mana
cases where yields are not increasing, and to predict where stagnation s likely to
occur for other crops and countries.

Research to accelerate the rate of yield advance is of ritical importance. But
higher yields must come from production systems that also reduce G jons
per unit of production and protect water and soil quality — a process called eco-
Iogical intensification. Such rescarch must involve agronomy, plant physiology and
‘genetics (o raise crop yield potential, increase tolerance of high 7 and drought, and
preatly increase nutrient and water use efficiency. “Quantum-leap” improvements
are notlikely (Denison efal., 2003), despite unsubstantiated claims from some multi-
national seed companies. Instead, increasing the rate of yield gain at a global level,
and improving yield and yield stability in agricultural areas with harsh or changing
climate, will require a holistic systems approach that combines improved agronomic.
management and new crop cultivars. Research investment must give equal weight
0 both, and current levels of investment are not adequate given the magnitude of
the scientific

ive

allenge.

Glossary

€Oz Carbon dioxide concentration

GHG Greenhouse gas

IMPACT International Model for Policy Analysis of Agricultural
Commadities and Trade

pce Intergovernmental Panel on Climate Change

N Nitrogen

SR Solar radiation

T Temperature

Trncans Toun a0d Ty Mean, minimum, and maximum temperature, respectively
Yo Yield potenti
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Chapter 3

Crop Yield Potential, Yield Trends, and Global
Food Security in a Changing Climate
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Department of Agronomy and Horticulture
University of Nebraska-Lincoln
“kcassman] @unl.edu

Introduction

There is a direct connection between food security at reasonable cost and the
magnitude of anthropogenic greenhouse gas (GHG) emissions. If food production
capacity falls behind demand driven by population growth and cconomic develop-
ment, a marked rise in food costs will motivate conversion of rain forests, wetlands
and grasslands to crop and livestock production. Conversion of these
ecosystems would accelerate GHG emission rates. Ensuring global food security
is therefore fundamental to GHG mitigation strategics. While an adequate food
supply is necessary, it is not sufficient to achieve global food security because polit-
I stability, good governance, and access are also pivotal. Having recognized the
importance of these broader issucs, however, we focus the following discussion on
the biophysical determinants of food production capacity as influenced by natural
resource endowments and climate.

bon-rich

Land, Water, and Climate

Factors that determine biophysical capacity to produce adequate food supply today
are the same as those that will operate in a changing climate. The most critical
factor is sufficient land area with suitable soil quality to support plant production,
Tocated in regions with thermal regimes and water supply from rainfall or irrigation
o produce required amounts of economic yield. Economic yield is the desired plant
product, which can be grain, oilsced, tubers, corms, sugar, fiber, forage, or energy

w

M K. Cavmn t .

depending on the crop in question. Other biophysical factors are also important,
cluding nutrients and crop germplasm, but these will be less limiting than land

and water as population rises towards 9-+ billion by 2050 and income growth drives

‘greater per capita consumption of food and energy (Rosegrant ef af., 2009).

Both arable land and water are in limited supply, especially if remaining rain
forest, wetlands and grassland savanna are protected from conversion to crop o
livestock production. Land use change currently accounts for about 33% of anthro-
pogenic COy emissions (IPCC, 2007), and this fraction could increase substantially
i ity prices rise because food supply does not keep pace with food
demand. For example, a recent study predicted ansion of U.S. bio-ethanol
production from maize would raise commodity prices, which in turn leads to con-
version of carbon-rich natural ecosystems to farmland, thus making GHG emissions
from bio-¢thanol used as a motor fuel much greater than from gasoline (Searchinger
etal., 2008),

Cereal crops account for the majority of our human food supply. cither con-
sumed directly as grain or indirectly through livestock. Land area to produce these
crops, however, has decreased by nearly 1.8 Mha annually since 1980 (Fig. 1(a)).
Although cultivated area of the three major cereals (maize, rice, and wheat) has
been increasing, this increase has come largely at expense of other cereals such
as sorghum, oats, and barley. Loss of an additional 100 Mha of farmland, approsi-
mately 7% of total current farmland, is projected to occur by 2030 from conversion
to non-agricultural uses such as residential, commercial and industrial development
(FAO, 2002). Given these trends, policy makers concerned with food security and
climate change should focus on ecological intensification of crop production to
meetinereased food demand on existing farmland, or more likely, on a reduced land
base for agriculture, while also reducing the environmental footprint from crop and
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livestock production (Cassman, 1999; Cassman and Wood, 2005). A key question
is how fast yields must rise to achieve this goal?

A recent FAO projection estimates food demand to increase 70% by 2050 (FAO,
2008). Given recent trends of decreasing area for cercal production and the goal
of meeting food demand on existing farmland, achieving a 70% rise in cereal pro-
duction within 40 years would require annual yield increases equivalent to 1.75%
of today’s average cereal yield (or a 1.33% exponential rate of increase). At issue
is whether current rates of yield gain are sufficient to meet projected demand on
existing farmland.

Yield Trends

Modern agriculture has its roots in the so-called “green revolution” that began with
introduction of high-yiclding rice and wheat cultivars in the 1960s. These cultivars
were short-statured, had greater partitioning of biomass o grai gher harvest
index), and reached maturity more quickly than traditional landrace cultivars they
replaced. Earlier maturity allowed production of two and sometimes three crops per
year on the same piece of farmland in tropical and semi-tropical environments with
adequate water supply. The new semi-dwarf cultivars also were less susceptible to
lodging and more responsive to itrogen (N) fertlizer and irrigation, wi
expansion ofirrigated areaand fertilizer use. The result was aunique period in human
story when food supply was consistently in excess of demand. In recent years this
situation has reversed abruptly as food production s falling behind consumption,
global grain reserves are shrinking, and the long-term trend of declining real food
prices has been broken.

This reversal is not surprising given limited land (Fig. 1(@)) and water resoure
for crop production, and the fact that global rates of yield advance are strongly linear
(Fig. 1(b). The consequence of linear rates of gain is that relative rates of yield gain
are declining because average yields are ising while absolute rate of gain is constant.
For example, in 196 at the beginning of the time seri ig. 1(b), global average
maize yield was 2.260kgha™' while rate of gain is ~63 kg ha™', which gives a
relative rate of gain of 2.8%. In 2006, average maize yield had risen (0 4,760 kg ha~',
which means relative rate of gain had fallen to 1.3%. Although yield levels and rate:
of gain differ among the three major cereals, it is interesting to note that relati
rates of gain for all three have fallen from 2.6-2.9% in 1966 to only 1.3% by 2006.

If average global yields for these crops continue to climb at the rates shown in
ig. 1(b), annual relative rates wi ompound
annual rate of gain required to meet future food demand as discussed in the previous
section. Therefore, food production capacity will fall below projected demand., food

soon fall well below 1.3%, whichis th
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Fig. 2. Grain yield trends of the three major cereals i selected counties, USA maize yilds are
means for the wester Com Belt and Great Plains sates: CO, KS, NE. ND, OK. SD, TX, and WY.
Source: hup:Hfaosta fao.org) and it/ nas. usck .

prices will rise, and there will be increasing pressure (o convert natural ecosystems
to crop land unless the rate of yield advance aceelerates.

But global yield trends do not tell the entire story because they mask emerging
trends at national levels. For example, yields are plateauing in some of the world’s
timportant cereal-producing countries (Fig. 2). While yield
lincar for some crops and countrics, an abrupt yield plateau is evidentin several cases,
n the Republic of Korea and China, wheat in northwest Europe and
and maize in China. There is also indication of an emerging yield plateau
irrigated U.S. maize although a few more years of data are required to confirm
the wend. For rice in Indonesia, departure from the initial high ratc of yield growth
less abrupt; rather than a distinct plateau, there appears to be a reduction in the
linear rate of gain. Only one case, maize in Brazil, shows an accelerating rate of
yield advance associated with very low initial yield levels. Likewise, the current rate:
of yield advance in Brazil has not risen above rates of gain achieved in the USA or
China in earlier periods.

Evidence of plateauing yields i
crop yield gain is required to meet demand without a large expansion of crop area.
nsome of the world's most product
systems amplifies these worries. For example, countries where yield plateaus or re-
duced yield growth rate are evidentaccount for 19,40, and 25% of global maize,rice,
and wheat supply. Without a return to yield advances in these countries, increased
production to meet projected demand for these cereals must come from rapid accel-
ration of yield gains in other countries. This situation raises three pivotal qu

ns have remained

o in rate of

amajor concern because accel

e cereal

fons:

1. What s the cause of the obscrved yield plateaus and can yield growth resume?
‘Will yields of other major cereal producing countries begin to plateau and how
can such transitions be predicted?

3. How will climate change affect future trends in national average crop yields?
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Yield Potential and Yield Plateaus

One hypothesis that addresses the first question is that average national yields
plateau when they reach 70-80% of the genetic yield potential ceiling (Cassman,
1999; Lobell et al., 2009). Yield potential (Yp) is defined as the yield an adapted
crop cultivar can achieve when crop management alleviates all abiotic and biotic
stresses through optimal crop and soil management (Evans and Fisher, 1999; Cass-
man et al., 2003). Thus, Yy is achieved when management eliminates all imitati

10 crop growth and yield from nutrient deficiencies, water deficit or surplus, toxi-
cities (¢.g.. Mn, B, Fe), salinity, weeds, insect pests. and pathogens. For iri
determined by solar radiation (SR) and temperature (7), whereas SR, T,
and rainfall amount and temporal patiern govern Yy of rainfed syster
Y represents a biophysical ceiling on the atainable yield at a given location or at
aregional and national level.

Achieving Yy is not asy. if not impossible, in a research plot or a farmer's field
because it requires perfect management. A few agronomists have tried o achieve Yp
in research studies with careful attention to alleviation of all limiting factors. Some
farmers try to obtain highest possible yield foned yield contests, and yield
trends from these contests may serve as a proxy for trends in Yp at a commercial
production scale (Cassman e al., 2003). But management practices employed by
contest winners are not likely to be profitable if applicd more generally in commercial
agriculture because responses o inputs such as N and other nutrients, irrigation,
and pest management typically follow a diminishing return function that makes
it unprofitable to completely eliminate all stresses. It is also not known whether
management practices used (o achieve record yields would meet expe
regard 1o N losses, soil quality, pesticide use, and GHG emissions. Despite these
concerns, yields obtained from research plots or
all manageable abiotic and biotie stresses provide an estimate of Yy for a given crop,
ata given location, in a given year.

But while yield in well-managed research fields or the yields obtained in fields
of contest-winning farmers may approach Yy, average yields for a large population
of farmers are smaller because achieving yield potential requires near perfect man-
agement of all production factors in time and space, which is neither possible nor
costeeffective. Hence, it should be expected that average national yields stagnate
when they approach some fraction of Yp, and this may be the cause of the observed
yield plateaus in Fig. 2. At issue is how close these yield plateaus can come 1o esti-
mated Yy, and whether these yield plateaus can be predicted. Na es of
Y are required to investigate this issue.

Robust crop simulation models based on mathematical representations of plant
‘growth processes as influenced by genotype, environment and management, provide
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a useful tool for estimating the yield ceiling for a given location because Yp varies
significantly from year to year due to variation in SR and T ated syst
and SR, T, and rainfall in rainfed systems (Lobell et al., 2009: Jones et al., 2010).
Such models can be validated against observations from research plots and farmer's
fields where management has been successful in minimizing losses from control-
Table abiotic and stresses. Tn a given location or region, Yy is influenced by
management practices such as planting date, cultivar maturity (which determines
the length of growing period), plant population, and soil type. Therefore, detailed
information about these practices and a long-term weather database with all essential
parameters for crop simulation are required to estimate Yy for each major produc-
tion zone. A production-weighted estimate of Yp can then be calculated based on
Yp values for each major production area within a country. Such specificity
Il because estimates of Yp for a given lo n can differ by more than
4tha™"if growth duration (i.e., planting date and crop cultivar maturity) and soil
type are not specified accurately.

Few national estimates of Yp have been made in this way. Examples include irri-
‘gated rice in Asia(Mathews efal., 1995) and current efforts underway in our research
‘group for U.S. maize, rice in China, and wheatin several European countries. Initial
results suggest that in most cases the yield plateaus evident in Fig. 2 occur when
average yields reach 70-80% of Yp (Cassman, 1999; Lobell ef aL., 2009), but further
work is in progress to solidify these findings. If this threshold is confirmed, it will
be possible to predict when average farm yields should begin to plateau at regional
and national levels based on production-weighted Yp e

erit-

Effects of CO; and Climate on Crop Yields

Climate change, as predicted by global climate models,is driven by increasing GHG
concentration in the atmosphere, whic ising 7 and greater frequency of
weather extremes (IPCC, 2007). Among the various GHG species, rising carbon
dioxide concentration [CO5] from anthropogenic s s the largest contributor.
Although atmospheric [CO, has increased by 1.4 ppm year during the past 40
years, the rate is projected to increase by 1.9ppm year~ going forward (IPCC,
2007). Assuming o change in T, yicld of Cs crops should increase by 10-20%
when [CO;] reaches 550 ppim (by ~2100) compared to current levels due (o the
“COy-fertilization effect” (Long et al., 2006; Tubiello et al., 2007). Yet during the
40-yr period from 1966-2006, when atmospheric [CO] increased by 60 pp, actual
ratesofincrease in global average yield of major Cs crops remained constant (Fig. 1),
and decreased or plateued for several crops in major producing countries (Fig. 2).
Given the expected [CO| fertilization benefit for crop yields, a constant rate of yield





